The mc-gvp genes for gas vesicle formation in Haloferax mediterranei are transcribed from two promoters located in front of the mc-gvpA and mc-gvpD genes. The different transcripts originating from both promoters show different abundances dependent on salt concentration in the medium and growth phase. Here we show that the half-lives of these transcripts differ signi®cantly and that the small gvp transcripts exhibit higher stabilities than the larger gvp transcripts. While the stability of most gvp transcripts is independent of the salt concentration in the medium, the gvpA mRNA decays about twice as fast in cultures grown at 18% salt compared to cultures grown at 25% salt. The stability of the 0.45 kb transcript population derived from the 5¢ part of the gvpD gene depends on the growth phase of the culture. Thus, differences in mRNA stability contribute to the salt-dependent and growth phase-dependent abundance of gvp transcripts. This implies that, like in bacteria and eukarya, mRNA processing contributes to regulated gene expression in archaea.
INTRODUCTION
The moderately halophilic archaeon Haloferax mediterranei synthesizes gas vesicles during stationary phase when grown in the presence of 17±30% (w/v) salt. Cultures grown in 15% salt medium are gas-vesicle free. The gas vesicles consist of two proteins, the hydrophobic GvpA constituting the vesicle wall and the hydrophilic GvpC located on the outer surface. Including gvpA and gvpC, 14 genes are involved in gas vesicle formation and are clustered in the chromosomal mc-vac region (1) . The gvp genes are arranged as two units which are transcribed in opposite directions: gvpACNO and gvpDEFGHIJKLM. A number of various sized transcripts originate from the gvp genes, which show signi®cantly different abundances (2) (Fig. 1 ). The amounts of the gvp transcripts are affected by the growth phase and also by the salt concentration in the medium (2, 3) . The GvpD and GvpE proteins encoded within the gvpDEFGHIJKLM unit are involved in the regulation of gvp expression. GvpE is a transcriptional activator and required for the high activity of the mcA and mcD promoter during stationary growth (2, 4, 5) , whereas GvpD has a repressor function (6±8). However, it was not known whether growth phase and salt-dependent expression of the gvp genes are exclusively due to transcriptional regulation or whether these parameters also affect the stability of gvp mRNAs. In bacteria, gene regulation is not restricted to regulated transcription but often occurs at the post-transcriptional level.
Bacterial polycistronic mRNAs are frequently processed into mRNA segments with varying stabilities, allowing differential expression of genes transcribed from the same promoter (reviewed in 9,10). External factors like oxygen tension, temperature or nutrient availability can affect the stability of transcripts or certain mRNA segments of polycistronic transcripts (reviewed in 11). Many investigations have focused on the mechanisms of mRNA decay in bacteria. The existence of a high molecular weight protein complex with a major role in mRNA decay, the degradosome, has been detected in the g-proteobacterium Escherichia coli (12, 13) and also in the a-proteobacterium Rhodobacter capsulatus (14) . The central component of this complex is the endoribonuclease RNase E which is associated with other proteins, like helicases, the 3¢®5¢ exonuclease polynucleotide phosphorylase, polyphosphate kinase, enolase, or transcription termination factor Rho (12±16). The compositions of the RNA degrading complexes from E.coli and R.capsulatus are different and may also vary under different growth conditions. RNase E and the degradosome can attack single stranded RNA 5¢ ends harboring a monophosphate (17) and then successively cleave in an overall 5¢®3¢ direction. The decay of other mRNAs is initiated by internal cleavage mediated by RNase E or the degradosome at AU-rich sequences, and is followed by further 3¢®5¢ decay mediated by exonucleases and by further attack of the unprotected 5¢ end by RNase E. Hairpin loop structures at the 5¢ ends of RNAs can protect against an RNase E mediated attack and stabilize downstream mRNA segments. Internal hairpin loop structures or structures localized at the 3¢ end can protect against 3¢®5¢ exonucleases and therefore stabilize upstream mRNA segments (reviewed in 9,10,18). Short polyadenylate tails are present in certain bacterial mRNAs (reviewed in 19), leading to decreased mRNA stability (20, 21) .
Most eukaryal mRNAs have methylated guanosine caps at the 5¢ end and a long poly(A) tail at the 3¢ end. mRNA decay in Saccharomyces cerevisiae occurs by initial deadenylation and decapping and subsequent 5¢®3¢ exonucleolytic degradation (reviewed in 22). Eukaryotes also harbor a high molecular weight RNA degrading machinery, the exosome (23, 24) . The eukaryotic exosome consists of several paralogous proteins known or predicted to possess exonuclease activity (containing RNase PH, RNase II or RNase D domains), RNA binding proteins containing the S1 domain, and more loosely associated helicases and adapter proteins (23±25).
Almost nothing is known about the mechanisms involved in the decay of mRNA in archaea. Archaeal mRNAs are not capped, some mRNAs carry short poly(A) tails (26±28). The function of several archaeal RNases has been determined. All of these RNases are involved in the processing and maturation of stable RNAs, like RNase P (29), tRNA splicing endonuclease (30, 31) , rRNA processing endonucleases (32) and RNase H (33) . An RNase E like activity was found in extracts of Haloarcula marismortui (34) suggesting that some similarities to the mechanisms of mRNA decay in eubacteria may exist. Archaeal genome sequences do not contain any homologs to bacterial rne genes encoding RNase E. Recently an archaeal counterpart of the eukaryotic exosome was predicted by comparing the gene order in completely sequenced archaeal genomes complemented by sequence pro®le analysis. The genome of Halobacterium sp., however, lacks most of the genes encoding homologs to eukaryotic exosome proteins (35) .
Here, we analyzed the decay of the gvp mRNAs from H.mediterranei as a model system for an archaeal polycistronic mRNA in order to learn more about the role of mRNA decay in gene regulation in archaea. Our data reveal that the transcripts derived from the mc-vac region of H.mediterranei exhibit very different half-lives. Furthermore, the half-lives of some but not all gvp transcripts are affected by the growth phase or the salt concentration in the medium. Thus, different levels of individual gvp transcripts and a variation of transcript levels under diverse growth conditions are not only due to transcriptional regulation but also due to different rates of mRNA decay.
MATERIALS AND METHODS

Strains and growth conditions
Cultivation of H.mediterranei (DSMZ 1411 T ) and Haloferax volcanii (WFD11) was performed as described previously (2) . The media contained either 18 or 25% NaCl. Haloferax volcanii strains harboring plasmids were grown in medium supplemented with novobiocin (0.2 mg/ml ®nal concentration) or mevinolin derived from Lovastatin (provided by Merck/ Sharp and Dohme, 6 mg/ml ®nal concentration). For inhibition of transcription, actinomycin D was added to a ®nal concentration of 100 mg/ml.
In vivo labeling of RNA
Cultures were grown to early exponential phase (OD 600nm = 0.45) or to early stationary phase (OD 600nm = 2.8). Radiolabeled uridine ( [5, H], 32 Ci/mmol, Amersham Biosciences) was added to a ®nal concentration of 100 mCi/ml for exponential growing cultures or 300 mCi/ml for stationary phase cultures at time point 0. Samples of 20 ml were collected at several time points after addition of uridine and mixed with 500 ml of unlabeled cells. Cold trichlor acetic acid (TCA) was added to a ®nal concentration of 11.5% (w/v). After incubation on ice for 5 min, the samples were centrifuged and the TCAprecipitated counts were quanti®ed in a Liquid Scintillation counter (Beckman).
RNA isolation and northern blot analysis
Total RNA was isolated according to the protocol of Nieuwlandt et al. (36) followed by two phenol/chloroform extraction steps. After ethanol precipitation and resuspension in 180 ml buffer A (20 mM NaPO 4 , pH 6.5, 1 mM EDTA), 20 ml DNase-buffer (200 mM Na±acetate, pH 4.5, 180 mM MgCl 2 , 100 mM NaCl) and DNase I (15±20 U, Life Technologies) was added followed by incubation for 30 min at room temperature. Twenty microliters 250 mM EDTA, pH 7.0, was added followed by phenol/chloroform extraction and ethanol precipitation. The RNA was dissolved in 50 ml buffer A, 7 mg of RNA per lane was run on a 1% (w/v) agarose 2.2 M formaldehyde gel, and transferred to nylon membrane (Pall Biodyne B) by vacuum pressure blotting (Vacuum Blotter, Appligene) according to the manufacturer's recommendations.
gvpD or gvpA speci®c DNA fragments were radiolabeled with [a-32 P]dCTP using nick translation (Nick translation kit, Amersham Biosciences) and puri®ed on micro columns (Probe Quant G-50, Amersham Biosciences). Aliquots of 2 Q 10 6 c.p.m. were used per hybridization reaction. The signals were quanti®ed using a phosphorimaging system (Molecular Imager FX, BioRad) and the appropriate software (Quantity One, BioRad). (2) . The designation for the transcripts is given and whenever the estimated transcript size implies that the 3¢ end is located within a reading frame this is indicated by an apostrophe behind the last gene. The start and stop codons for gvpJ/gvpI, gvpI/gvpH, gvpH/gvpG and gvpC/gvpN overlap. The intergenic region between gvpN and gvpO comprises 24 nt, the intergenic region between gvpC and gvpA 76 nt. All other intergenic regions comprise 1±6 nt. The DNA fragments used as probes in northern blot hybridization are indicated below the genes and the transcriptional starts are indicated by arrows. gvpA and gvpC encode the structural proteins of gas vesicles.
Plasmid construction
To construct plasmid pGvpDE2.0 a 2045 bp DNA fragment was ampli®ed using chromosomal DNA from H.mediterranei as a template. We used primers GvpDupNco (5¢-CAT-CCATGGCCCCACCAAAC-3¢, introduces NcoI site) and GvpE2.0Kpn (5¢-GGAGGTACCTTTCGTCGAGC-3¢, introduces KpnI site) for the PCR. The resulting fragment was cut by NcoI and KpnI and inserted next to the fdx promoter of plasmid pJAS35 (7) . Transformation of H.volcanii was performed as described previously (2) .
RESULTS
The half-lives of the gvp transcripts in H.mediterranei inversely correlate to their sizes Northern blot analysis detected multiple RNA species transcribed from the gvp promoters ( Fig. 1 ) (2). Transcripts of 0.45 kb gvpD', 1.3 kb gvpD', 2.0 kb gvpDE', 3.0 kb gvpDEF and~7 kb gvpDEFGHIJKLM originate from the mcD promoter located upstream of gvpD. The 0.32 kb gvpA, 1.8 kb gvpACN', 2.4 kb gvpACN' and 3.0 kb gvpACNO mRNAs originate from the mcA promoter located upstream of gvpA. Except for the 7 kb gvpD-M RNA, all of these transcripts show higher abundance during late exponential and stationary growth phase compared to mid exponential growth phase. Cells grown in 25% salt medium contain higher levels of these mRNAs than cells grown in 18% salt medium (2) .
The mRNA amounts detected by northern blot analysis represent steady state levels determined by the rate of transcription as well as by the rate of mRNA decay. To investigate whether differences in mRNA half-lives contribute to the growth stage and salt-dependent expression of the gvp genes, we determined the half-lives of the most abundant gvp mRNAs under different growth conditions after blocking transcription by the addition of actinomycin D. The archaeal RNA polymerase activity is sensitive to heparin and actinomycin D but resistant to speci®c inhibitors of the bacterial RNA polymerase such as rifampicin (37) . Recently the inhibition of transcription by actinomycin D was demonstrated for the hyperthermophilic archaeon Sulfolobus solfataricus (38) .
In order to test the virtue of actinomycin D on transcription in Haloferax, we analyzed its effect on the incorporation of radiolabeled uridine in H.mediterranei cultures. Radiolabeled uridine was added to cultures either in early exponential or in early stationary growth phase (OD 600nm = 0.45 or 2.8). Twelve minutes after the addition of uridine, actinomycin D was added to the cultures, and the TCA-precipitable counts, re¯ecting the in vivo rate of total RNA synthesis, were quanti®ed over a total period of 3 h. A linear increase of the incorporated label was observed in exponential growth phase when no inhibitor was added (Fig. 2B) . In early stationary phase, the incorporation of label was linear for~45 min and then slowed down (Fig. 2C) . As shown in Figure 2 ®nal concentrations of actinomycin D of 100 mg/ml were suf®cient to ef®ciently block RNA synthesis. These concentrations of actinomycin D led to a transient retardation of cell growth, but cultures showed normal doubling times 90 min after the addition of the inhibitor (Fig. 2A) .
First, we analyzed the decay of gvp RNAs from the mc-vac region of H.mediterranei grown in 25% salt medium to an optical density of~3.2 at 660 nm (early stationary phase). We determined half-lives for the 0.45 kb gvpD', the 1.3 kb gvpD' and the 2.0 kb gvpDE transcripts of 10.2 T 2 min, 6.8 T 1 min and 5.5 T 1 min, respectively ( Fig. 3 and Table 1 ). The 0.45 kb gvpD' and the 1.3 kb gvpD' transcripts are visible as rather broad bands on northern blots, indicating that they arise from a population of RNA molecules with heterogenous 5¢ or 3¢ ends. The presence of multiple 3¢ ends has been shown before for the 0.45 kb gvpD' transcript (2). The 2.0 kb gvpDE mRNA is a broad but distinct band right below the position of the 23S rRNA. The`3.0 kb' gvpDEFG mRNA is a diffuse smear right above the position of the 23S rRNA. We therefore did not determine the half-life for this mRNA population. Considering the migration in relation to the 23S rRNA it is conceivable that part of the`3.0 kb' band arises from unspeci®c attachment of longer or smaller mRNAs to the 23S rRNA, as often observed on northern blots of total bacterial RNA. This assumption is supported by the data of Ro Èder and Pfeifer (2) . When a probe homologous to the gvpL gene was used, light bands were detected at these positions, although this probe should only detect the 7.0 kb gvpDEFGHIJKLM transcript.
We also determined the half-lives of mRNAs transcribed from the mcA promoter located in front of gvpA. Haloferax mediterranei was grown in the presence of 25% salt and cells were collected at an optical density of~3.2 at 660 nm. We determined half-lives for the 0.32 gvpA, the 1.8 kb gvpACN', the 2.4 kb gvpACN' and the 3.0 gvpACNO mRNAs of 80 T 9 min, 20 T 5 min, 16 T 3 min and 11.5 T 2 min, respectively ( Fig. 4 ; results for 0.32 and 3.0 kb see Table 1 ). While the 0.32 kb gvpA mRNA migrates as a relative distinct band, the other mRNAs are represented by more diffuse smears. Thè 1.8 kb' gvpACN' mRNA migrates just above of the position of the 16S rRNA. The`2.4 kb' gvpACN' mRNA migrates below the position and the`3.0 kb' gvpACNO mRNA just above the position of the 23S rRNA. Thus, the position of these mRNA bands may again indicate that part of these signals arise from unspeci®c attachment of longer or shorter mRNAs to the ribosomal RNA. While the`1.8 kb' and the`2.4 kb' mRNA bands can not be distinguished from the unspeci®c bands around the rRNA, the 3.0 kb mRNA is rather visible as a distinct band. Since it is likely that the signals of the`1.8 kb' and`2.4 kb' bands partly arise from mRNAs of different sizes, which attach to the rRNA, we will not consider these RNA bands for our further investigations.
Our analysis revealed an inverse correlation of mRNA size and stability. Thus, the higher stabilities contribute to the higher abundance of the smaller mRNA species.
Salt concentration affects the half-lives of the 0.32 kb gvpA mRNA in H.mediterranei and H.volcanii ADE transformants
The amounts of all mc-gvp transcripts in H.mediterranei are increased when cells are grown at high salt concentration. To determine whether a different stability of gvp mRNAs contributes to the salt-dependent regulation of gvp gene expression we also determined RNA half-lives in cultures grown at 18% salt. This was the minimal salt concentration which allowed reliable detection and quanti®cation of most gvp transcripts. Cells of H.mediterranei were harvested in early stationary growth phase. Half-lives of the mcD derived transcripts 0.45 kb gvpD', 1.3 kb gvpD' and 2.0 kb gvpDE' were 10.8 T 2 min, 7.4 T 1 min and 4.5 T 1 min, respectively (Table 1) . These values show no signi®cant differences to the half-lives determined in 25% salt medium indicating that salt does not affect the stability of RNAs transcribed from the promoter upstream of gvpD. The half-life of the 0.32 kb gvpA mRNA was determined to be 39.0 T 7 min during growth in 18% salt medium. This is <50% of the half-life we determined during growth at 25% salt (Fig. 4 and Table 1 ). Thus, the salt concentration clearly affects the stability of the 0.32 kb gvpA mRNA and contributes to the salt-dependent expression of gvpA. There was, however, no signi®cant effect of salt on the stability of the 3.0 kb gvpACNO mRNA (Fig. 4 and Table 1 ).
To test whether this salt-dependent stability of the gvpA mRNA is speci®c for H.mediterranei the decay of the gvpA mRNA was analyzed in the gas vesicle negative strain H.volcanii containing a plasmid harboring the mc-gvpA and mc-gvpDE genes (ADE construct) (2). The 0.32 kb gvpA The numbers represent the mean of at least three independent experiments and the maximal deviation is indicated.
mRNA was considerably more stable in H.volcanii than in H.mediterranei and decayed with a half-life of~90 min in 18% salt medium in late exponential growth phase (Table 1) . This value compares to the half-life we determined for the gvpA mRNA in H.mediterranei grown in 25% salt medium. A salt concentration of 25% in the medium increased the halflive of the gvpA mRNA even further to~160 min (Table 1) .
Despite the relative high errors in determining these long half-lives the differences are signi®cant enough to allow the conclusion that the decay of the gvpA mRNA is also salt dependent in H.volcanii.
Differential RNA processing contributes to the growth phase dependent expression of the 0.45 kb gvpD mRNA
The abundance of the gvp mRNAs is not only affected by salt concentration but also by growth phase (2) . To test whether different mRNA stabilities contribute to this growth phase dependent regulation, we analyzed the half-lives of the gvp mRNAs from H.mediterranei grown in the presence of 25% salt during mid exponential growth (OD 600nm~0 .8).
We determined a half-life of 5.6 T 1 min for the 1.3 kb gvpD' transcript (data not shown). The average of this half-life is slightly shorter than the average determined during early stationary phase. Considering the relative errors of the halflife determinations this difference is not signi®cant. The halflives of the 0.45 kb gvpD' and the 2.0 kb gvpDE' transcripts were not determined since their amounts were too low for a reliable quanti®cation.
During early exponential growth the signal for the 2.0 kb mRNA was clearly more intense than the signal for the 0.45 kb mRNA, whereas during early stationary growth phase the signal of the 0.45 kb gvpD' transcript showed higher intensity than the signal of the 2.0 kb mRNA (data not shown). This strongly suggests that the growth phase dependent differences in the levels of the 0.45 kb gvpD' transcript are due to posttranscriptional processes. To prove this assumption we constructed plasmid pGvpDE2.0, which contains the ®rst 1940 nt of the gvpDE genes under the control of the fdx promoter of plasmid pJAS35 (7) . This promoter originates from the ferredoxin gene of Halobacterium salinarum. The activity of the fdx promoter is high during exponential growth and drops during stationary growth phase, independent of the salt concentration (D. Gregor and F. Pfeifer, unpublished data). Haloferax volcanii was transformed with plasmid pGvpDE2.0. Actinomycin D was added to cultures in mid exponential growth phase (OD 600nm = 0.8±0.9), late exponential growth phase (OD 600nm = 1.6) or in early stationary phase (OD 600nm = 3.0±3.2) and the gvp transcripts were analyzed at various time points by northern analysis (Fig. 5) . Due to the use of the fdx promoter relatively high amounts of gvp RNAs were detected in H.volcanii throughout growth, allowing the half-life determination. The`0.45 kb' gvpD' transcript population occurred again as a broad band. The abundances of the band around 0.45 kb and of the 2.0 kb band were clearly dependent on growth phase. The half-life of the 2.0 kb gvpDE mRNA in H.volcanii grown to an OD 600nm of 3.2 was determined to be 10.0 T 1.5 min (Fig. 5) , which was signi®cantly longer than determined for the same mRNA species transcribed from the H.mediterranei chromosome (5.5 min, see Table 1 ). In mid exponential growth the half-life of the 2.0 kb mRNA was 11.0 T 3 min. Thus the higher abundance of the 2.0 kb mRNA in early growth stage is not due to higher stability of this mRNA species.
The 0.45 kb RNA band decreased with a half-life of 21 T 4 min in early stationary growth phase (OD 600nm = 3.2) which is again longer than observed for the 0.45 kb RNA population transcribed from the H.mediterranei chromosome (Fig. 4 and Table 1 ). During late exponential growth (OD 600nm = 1.6) the half-life of this RNA population was 9.0 T 2.0 min, while almost no 0.45 kb RNA population was detectable during midexponential growth (OD 600nm = 0.8). These results imply that a higher RNA stability contributes to the higher abundance of the 0.45 kb RNA population at later stages in growth.
DISCUSSION
To investigate whether mRNA processing contributes to regulated gene expression in archaea, we analyzed the decay of various gvp transcripts in two Haloferax species under different growth conditions. The half-lives determined for the individual gvp transcripts vary from 4 to 80 min in H.mediterranei, whereas in H.volcanii signi®cantly longer half-lives were observed. The most stable and most abundant transcript was the gvpA mRNA encoding the major gas vesicle structural protein. For most transcripts the stability correlates with its relative abundance. Thus, differences in the rate of decay contribute to the different abundances of gvp transcripts. Little is known about the stability of mRNA species in archaea. In an earlier study the growth of Methanococcus vannielii was inhibited by addition of bromoethanesulphonate or by the removal of hydrogen and the decrease of some mRNA species was quanti®ed by northern blot analysis (39) . The half-lives of the secY, mcr, Mva and argG transcripts varied from 7 to 57 min, which is in the same range as determined for the gvp transcripts in Haloferax in this report. Recently, the stability of the dgh1, tfb1, tfb2, sod, gln1 and malA transcripts was determined in S.solfataricus after blocking transcription with actinomycin D (38) . While the tfb1 and sod transcripts exhibited half-lives of at least 2 h, the other transcripts decayed with half-lives between 6.3 and 37 min, indicating again a large range of half-lives for individual transcripts.
To date, the origin of the different sized gvp mRNAs is not known. The individual gvp mRNAs could either originate from partial termination of transcription at certain positions or by mRNA processing. It is conceivable that initially full length mRNAs are produced, which are then degraded by an exosome-like protein complex in a 3¢®5¢ direction. A slowdown of this exonucleolytic process at highly structured mRNA regions would explain the occurrence of different sized mRNA species. Secondary structures near the 3¢ end, which protect against 3¢®5¢ exonucleases have been demonstrated for different bacterial mRNAs (40±42). The fact that the sizes and half-lives of the gvp mRNAs correlate inversely is in accordance with this model. At this time, however, we can not exclude the participation of endoribonucleases in gvp mRNA processing. If endonucleases were involved in ratelimiting cleavage which is then followed by fast endo-or exonucleolytic decay, one would have to postulate faster attack of the more 3¢ gvp mRNA segments. This also holds true if the different sized gvp mRNAs originate from partial transcriptional termination.
Most importantly, our study reveals that mRNA processing contributes to gene regulation in archaea as known for bacteria and eukarya. The salt concentration clearly affected the stability of the 0.32 kb gvpA mRNA, which was almost reduced to 50% when cells were grown in 18% salt medium compared to 25% salt. In contrast the stability of all other gvp mRNAs was unaffected. It is conceivable that an mRNA secondary structure located at the 3¢ end of the 0.32 kb gvpA mRNA protects against 3¢®5¢ exonucleases and is stabilized by a high salt concentration. The 3¢ end of the gvpA transcript maps to a cytosine preceded by a stretch of ®ve uridines (UUUUUC) located 64 nt downstream of the second stop codon of the gvpA reading frame and suggested to function as a terminator of transcription (43) . A stem±loop structure (10 nt of complementary sequence separated by a 10 nt loop) is found within the 64 nt terminal mRNA sequence. In bacteria mRNA secondary structures can function as both, i.e. as transcriptional terminators and in protection against 3¢®5¢ exonucleases (44) . If the gvp mRNA was exclusively degraded by 3¢®5¢ exonucleases, and pausing at RNA secondary structures would generate the different sized gvp RNAs, one would expect a similar effect of salt on the stability of such structures and consequently on the decay of other gvp transcripts as well. However, the differential effect of salt on the stability of the individual gvp transcripts suggests the involvement of different mechanisms in the rate-limiting initiation of their decay.
The abundance of the gvp mRNAs in H.mediterranei is strongly affected by growth phase (2) . These transcripts occur predominantly during the stationary growth phase, and the high amount of gvp mRNAs is mainly due to the activator protein GvpE that activates both mc-vac promoters (2, 5) . The amount of transcripts formed during exponential growth was too low to determine half-lives. Thus, the gvpD gene and part of gvpE were inserted in the expression vector pJAS35 and expressed under fdx promoter control in H.volcanii transformants. This promoter is mainly active during exponential growth and not affected by salt concentration (45) (D. Gregor and F. Pfeifer, unpublished data). The half-lives of the 0.45 kb gvpD' and the 2.0 kb gvpDE mRNA were almost twice as long as observed for the same RNA populations in H.mediterranei. Since it is unlikely that the higher amount of the gvp mRNAs due to expression from a plasmid leads to higher stability, these data imply species-speci®c differences in the ef®ciency of mRNA decay. It is also known for bacteria that the half-life of certain mRNAs is different when expressed in different species (46) . The half-life of the 2.0 kb mRNA did not show a signi®cant growth phase dependence, while the 0.45 kb transcript population indicated a higher stability during the stationary growth phase than in exponential growth, correlating well with the higher abundance of the 0.45 kb RNA in the stationary growth phase. Thus, there is no general growth phase-dependent effect on mRNA decay in Haloferax. The high abundance of the 0.45 kb RNA population in stationary growth phase might be due to an early termination in the gvpD coding region. A stronger transcriptional termination during stationary growth phase would contribute to the lower amount of the 2.0 kb mRNA, and also lead (together with the increased stability of the small transcript) to the abundant 0.45 kb RNA. The multiple 3¢ ends determined for the 0.45 kb mRNA population do not map close to U-rich sequences (2) . However, little is known about the mechanisms of transcriptional termination in archaea to date.
The 0.45 kb gvpD' transcripts do not encompass a complete reading frame and are thus not involved in the production of a Gvp protein required for gas vesicle synthesis. Whether this transcript has a function in gas vesicle formation remains to be seenÐthe main purpose of the formation of this transcript by an early transcript termination might be the reduction of the gvpEFGHIJKLM gene expression despite of the activation of the mcD promoter by GvpE.
Taken together our analyses suggest that different processes are responsible for the generation of the individual gvp RNAs. These may include partial transcriptional termination and possibly complex mechanisms in mRNA processing as observed for bacterial polycistronic operons (reviewed in 9±11). Overall, our studies demonstrated that mRNA stability and processing contributes to regulated gene expression in archaea. Therefore, the mechanisms involved in mRNA processing in archaea deserve further attention.
